Recent work with least chipmunks, Neotamias minimus, has identified a novel seed preparation process. N. minimus begins by hulling seeds and then creating a thick saliva-coated cluster that hardens once expelled. Scattered and undefended, these ''bolus'' caches are at risk for theft. However, the behaviors involved in the creation of a bolus may confer protection against such pilferage. In a series of laboratory experiments with sunflower seeds, we found that both the hulling and saliva-clumping processes significantly reduced pilfering of these caches by conspecifics and a competitor, Tamias striatus, under 3 cache depth conditions.
Food hoarding involves the sequestering of resources for use at a later time. Whereas nonhoarding species can only harvest what they can consume in a foraging bout, hoarders are able to stockpile (Jenkins and Peters 1992) . Many mammalian hoarders scatter-cache their food items, allocating them to small, spatially distributed packets buried in their home environment (Morris 1962) . These undefended food items can be consumed as needed or relocated to a more permanent and defendable larder hoard, often found in their burrow, after harvesting is complete. Using spatial memory and other mechanisms (e.g., Kamil and Balda 1985; Vander Wall 1991; Devenport et al. 2000) , hoarders recover scatter caches and often rely on them to supplement or even replace daily food gathering. This can become especially important during periods of low resource availability (e.g., Smith and Reichman 1984; Dearing 1997) . Despite the cache-recovery advantage for cache owners (e.g., Jacobs and Liman 1991; Devenport et al. 2000) , scatter caches are vulnerable and many are lost to both intra-and interspecific pilferers (Vander Wall and Jenkins 2003) .
For scatter-caching to be successful, hoarders should recover a higher proportion of their stores than do robbers (Andersson and Krebs 1978) . However, the threat of pilferage remains (Vander Wall and Jenkins 2003) . To further counteract these losses, hoarders could adjust their preparation and placement of items. One species that appears to meet this expectation is least chipmunks (Neotamias minimus). In previous field (e.g., Devenport and Devenport 1994) and laboratory (e.g., Devenport et al. 1998 Devenport et al. , 1999 studies we have observed an apparently unique seed-processing behavior in this species. Upon finding a seed source, they commonly remove the seed hull as they pouch each seed. Alternatively, they may pouch unhulled seeds, move to another place, often near cover, to carry out the hulling and repouching. Because hulling reduces seed volume, chipmunks typically can return to the seed source and collect more seeds before transporting them to scatter or larder hoards. Additionally, this hulling behavior should increase each animal's transport efficiency. Once the seeds have been hulled, least chipmunks often expel a tightly packed cluster of seeds, covered in a thick saliva-based coating. This ''bolus'' then dries and hardens as a single unit after it is cached. Although not all caches contain hulled seeds, many do and the adaptive benefits of such preparation are beginning to emerge.
We have found chipmunk-made boluses expelled in Sherman live traps and in buried caches in the field, as well as regularly encountering them under laboratory conditions. Sunflower, millet, pumpkin, and flax are among the seeds we have observed to be processed in these ways. We know of no differences between males and females, or developmental differences between juveniles and adults. However, these questions have yet to be empirically addressed. To our knowledge, only the gray jay Perisoreus canadensis; (Waite and Ydenberg 1994) has been reported to show a similar cementing tactic, and only a single heteromyid rodent has been w w w . m a m m a l o g y . o r g 276 observed to hull seeds before pouching and transporting them (Lawhon and Hafner 1981) .
The distribution of the small, diurnal least chipmunk overlaps with other species, including eastern chipmunks (Tamias striatus). Although least chipmunks tend to prefer slightly drier habitats, both species subsist on a variety of seeds, nuts, forbs, and berries, placing them in frequent resource competition (Elliot 1978) . Eastern chipmunks are much larger and more physically dominant (Verts and Carraway 2001) and could easily supplant a least chipmunk from a resource site. However, both species are known pilferers and thus competition could be based largely on the theft of undefended cached resources. It has been suggested that the competitive success of least chipmunks is partly tied to their unique caching and pilfering tactics. For example, least chipmunks place their caches in less predictable locations (away from other caches and away from environmental beacons) when compared with their eastern counterparts. When pilfering, both least and eastern chipmunks target these predictable locations, much to the detriment of the eastern chipmunks' stored food (Penner and Devenport 2011) . Seedhulling and bolus-making may be additional antipilfering adaptations.
The present set of studies focuses on the adaptive nature of least chipmunks' seed preparation procedures, hulling and clumping, in terms of vertebrate pilferage. We hypothesize that the removal of the seed hull reduces pilfering and that the clumped nature of a bolus may reduce it even more. Using seminaturalistic laboratory arrangements and experimental caches (unhulled, hulled, and bolus), seed type selection was examined using both least chipmunks and a competitor, the eastern chipmunk.
MATERIALS AND METHODS
Subjects.-Animal collection occurred during the summers of 2003, 2006, and 2010 . Both species (N. minimus and T. striatus) were selected from sites in and near the Seney National Wildlife Refuge in Seney, Michigan and several miles away from human visitors. Upon collection, animals were sexed, marked for identification, and cleared of ectoparasites using Sevin dust (GardenTech, Palatine, Illinois). Under permits from the states of Michigan and Oklahoma, we transported the animals to the University of Oklahoma and housed them for use in the present series of studies. Upon arrival, we inserted passive integrated transponder chips (Avid Identification Systems, Inc., Norco, California) and maintained the animals in seminaturalistic enclosures. Chipmunks were group-housed (8-15 animals per room) and each enclosure (2.5 to 8 m 2 ) contained beds of hardwood chips (~5 cm deep) that allowed for naturalistic caching and pilfering behaviors, numerous limbs and tree stumps for climbing, and a large pile of lava rocks that allowed for retreat and nesting. Animals were fed a varied diet of seeds, greens, fruits, and vegetables, in addition to the standard rodent chow that was provided on alternating days (for additional housing and care information, see Devenport et al. 1998) . Both the collection and housing procedures followed the guidelines given by the American Society of Mammalogists (Sikes et al. 2011) and were approved by the University of Oklahoma's Institutional Animal Care and Use Committee.
Three to 5 days before a testing session, we removed each animal from the group-housed quarters and placed it in a smaller, solitary rodent cage. Each cage contained a bed of hardwood chips, compressed cotton squares for nest-making, and a glass or plastic nest bottle. Diet was limited to restricted portions of rodent chow that brought body weight to approximately 90% of free feeding weight (means: N. minimus: 55.1 g; T. striatus: 122.8 g). After test sessions, we returned animals to their group quarters.
Foraging and testing arrangements.-Foraging sessions occurred in a 0.61-3 1.22-m box containing medium-grade industrial sand to a depth of about 6 cm. Each box contained a closeable access hole through which the animal entered from its transport bottle for each foraging session. Animals had water spout access through a small hole in the box wall. We placed each box within a 1.5-3 2.5-m room containing various visual cues that could act as external landmarks. We monitored the animals through the use of a centrally mounted ceiling camera that connected to a nearby video analysis and observation room as detailed elsewhere (Devenport et al. 1998) .
General testing procedures.-Three separate experiments were designed to assess the cache selection behavior of both least and eastern chipmunks. A unique set of least chipmunks provided data for each experiment, whereas 3 eastern chipmunks were used in both dry procedures. Before and after each trial, we wiped the box down with a 10% alcohol solution to reduce and/or mask any residual odors from previous trials and animals. All sand was mixed and sifted to remove any remaining seeds, seed hulls, urine-clumped sand, or fecal matter. It was then smoothed over to eliminate any textural cues.
In each experiment, we presented chipmunks with the opportunity to search for seeds. Intact sunflower seeds were obtained from a stock seed source, whereas the other seed types required extra preparation. Experimentally hulled seeds were soaked in distilled water for approximately 1 h to loosen the seed husk. Using forceps and latex gloves, seeds were plucked from the water bath and the hull was carefully removed. Seeds then dried overnight in a laboratory oven (408C). For bolus collection, least chipmunks were placed in clear plastic rodent cages without litter and presented with a dish of sunflower seeds. After hulling and pouching their seeds, many of the bolus makers then used running wheels or did flips within the box before secreting the seeds in bolus form. We monitored the animals for bolus production, removing each bolus shortly after its creation. Often found in cage corners or even within the seed dish, boli were removed while the seeds were still sticky and the bolus still malleable. For the purposes of the present study, larger boli were reduced to a standard size of 10 seeds each. After reduction, each bolus was then stored in the lab oven (408C) to dry overnight.
Dry substrate cache discovery.-The 1st experiment assessed the effects of both seed-hulling and bolus-making on the prevention of intra-and interspecific pilferage in dry sand. By suppressing visual cues, we determined if either of these seed-preparation behaviors protected against pilfering by each species. The least sample consisted of 4 males and 4 females (mean estimated age [MEA]: 3.00 years; mean time in lab [MTL]: 2.88 years; 7 lab-born [LB] animals). The eastern sample had 6 males and 2 females (MEA: 1.88 years; MTL: 1.75 years; 2 LB).
Two caches of each seed type (unhulled black oil sunflower seeds, experimentally hulled seeds, intact animal-produced boli) were variably located within the foraging box. The 6 locations were consistent across all 8 animals of both species (N. minimus and T. striatus). Caches were spaced throughout the box, maintaining a distance of at least 5 cm from other caches and from the box walls. Collectively, a total of 32 boli was used and obtained from 10 different animals, 3 of which were also used for pilfering data collection. However, none of the bolus makers was presented with its own bolus upon test. We buried seeds and boli at a depth of 1.5 cm, which is consistent with the average depth used by these animals for dry sand caching (Penner and Devenport 2011) . A total of 60 seeds was available and animals foraged until they had recovered all caches or until 15 minutes elapsed after their last discovery. We recorded the order in which each animal found the caches and the total number of caches found. Chipmunks with fewer than 3 cache finds (5 least chipmunks, 2 eastern chipmunks) were excluded from the data set. This eliminated any animals that may have been poorly motivated and simultaneously increased the depth of our data.
Damp substrate cache discovery.-The 2nd experiment followed the same procedure as the 1st, but used a damp sand substrate. We did this to examine the variable conditions that could be expected for naturally occurring caches, as seed and substrate hydration is known to affect cache discovery (Geluso 2005; Vander Wall 1998) . Damp sand can augment an olfactory cue emitted from caches and would allow for generalizable conclusions about precache preparation effects. Six male and 2 female least chipmunks (MEA: 1.88 years; MTL: 1.75 years; 7 LB) were used in this procedure. The eastern sample contained 4 members of each sex (MEA: 1.00 years; MTL: 0.25 years; 0 LB).
As in Experiment 1, we created six 10-seed caches, 2 of each seed type. Seven of the 8 bolus-making least chipmunks were used for data collection in this experiment; however, no animal was presented with its own boli. Generally, the procedures mimicked those described for the ''Dry substrate cache discovery'' procedure, except for the addition of a wet substrate and increased depth. Before cache placement, we added water to the dry sand and thoroughly mixed it within the box. On average, the sand's water content was about 3.00%, with the eastern chipmunk sample slightly wetter (X ¼ 3.24%, SD ¼ 0.23%) than the least chipmunk sample (X ¼ 2.69%, SD ¼ 0.74%). Given that naive foragers show increased success in moist substrates (Geluso 2005) , we also doubled the depth of each cache to 3.0 cm. The order in which each animal found caches was again recorded and all animals tested took from at least 3 caches.
Surface-cache procedure.-In the 3rd experiment, we made seeds visually conspicuous by placing them directly on the sand surface in 16 small clumps of 3 seeds each. Eight of the seed caches contained unhulled sunflower seeds and the other 8 caches consisted of experimentally hulled seeds. Cache positions were kept away from the box entrance, but otherwise randomly placed and randomly assigned a seed type. A total of 48 seeds was available. We recorded the order in which animals found their caches and removed each animal 5 min after its last cache retrieval. Three male and 5 female least chipmunks (MEA: 1.69 years, MTL: 1.50 years; 6 LB) were used, whereas 4 male and 4 female eastern chipmunks (MEA: 3.25 years; MTL: 2.63 years; 3 LB) participated.
Data analysis.-Data analyses were conducted using the procedures outlined by Arthur et al. (1996) . Using a multinomial logit model, we were able to examine resource selection indices under changing availability. In all experiments, animals harvested from a depleting set of discrete caches. As an item was selected, the chance probability of selection for the remaining items changed. The Arthur et al. (1996) approach specifically handles this type of heterogeneity in animal choice by using a maximum-likelihood technique to estimate the probability that a resource will be selected relative to all other available options. These ''selection indices'' are calculated through an iterative process involving the proportional availability of each cache type, specific to successive choices. Availabilities are obtained by looking at each animal's choice set during each trial. The product of these probabilities is the likelihood estimate of the data set occurring under the given selection-based model. This likelihood is then compared with a nonselection model in which the selection values or probabilities of choice for all options are equal. Models are compared by testing the difference between each model's (chance and computed) deviance value (deviance ¼ À2log e [likelihood]) against a chi-square distribution. These analyses were conducted using the program RSWHAC (Manly 2000) , which was specifically designed to handle the maximum-likelihood estimations of the Arthur et al. (1996) data set. The rank order across the 3 types also showed a marked difference between the unhulled seeds as compared with the other conditions. Thus, the removal of the seed hull seems to play a very direct role in seed selection. In fact, only 1 least chipmunk and only 1 eastern chipmunk chose anything other than unhulled seeds on their 1st visit. Using a binomial test of chance for unhulled seeds compared with the other types, the initial choices for both least (P ¼ 0.002) and eastern chipmunks (P ¼ 0.002) are significant.
RESULTS
For least chipmunks, the number of available unhulled seed caches dropped quickly, whereas the number of available hulled and bolus caches stayed proportional across visits and some went unfound (hulled: n ¼ 4, bolus: n ¼ 3; Fig. 1 ). The same is true of eastern chipmunk pilfering. Many hulled (n ¼ 4) and bolus caches (n ¼ 6) remained as eastern chipmunks exploited the unhulled caches early on (Fig. 1) . Only 3 animals of each species recovered all 6 caches in the time allotted. On average, least chipmunks recovered 5.00 caches (SD ¼ 1.07), whereas eastern chipmunks recovered 4.50 caches (SD ¼ 1.41). This small difference in performance was not significant (t 14 ¼ 0.98, P ¼ 0.37).
As compared with the nonselection model, the selection model with computed indices provided a significantly better fit to the data for both least (D 2 ¼ 19.12, P ¼ 0.0001) and eastern chipmunks (D 2 ¼ 14.85, P ¼ 0.0006). Both species were more biased toward caches containing unhulled seeds than would be expected under chance conditions. Both species showed a smaller preference toward hulled seeds over bolus caches.
Damp substrate cache discovery.-In damp sand, both least and eastern chipmunks chose seed caches nonrandomly. Like the results seen in the dry substrate, selection indices were highest for the caches containing the unhulled seed type (index values: N. minimus [0.64] and T. striatus [0.60]). However, these values were both lower than those obtained under dry conditions. Despite the drop, the selection model produced by RSWHAC provided a significantly better fit to the data than did a random choice model for either species (N. minimus: D 2 ¼ 10.59, P ¼ 0.0500; T. striatus: D 2 ¼ 7.48, P ¼ 0.0237). For least chipmunks, the rank order of the 3 seed types remained the same as seen under dry conditions (index values: hulled [0.20] and bolus [0.16]). However, for easterns, only a negligible difference between hulled (0.19) and bolus cache (0.21) selection emerged.
This difference between the species can be further illustrated by examining what they left behind (Fig. 1) . Eastern chipmunks left an equal number of hulled (n ¼ 4) and bolus caches (n ¼ 4), whereas least chipmunks showed the expected disparity by leaving 4 boluses and only 1 hulled cache. Additionally, 3 of the eastern chipmunks chose something other than unhulled seeds on their 1st choice. In both least conditions (dry and damp) and in the eastern dry condition, no more than a single animal chose anything but unhulled seeds on its 1st selection. As in the dry substrate condition, least chipmunks found more caches (X ¼ 5.38, SD ¼ 0.74) on average than eastern chipmunks (X ¼ 5.00, SD ¼ 1.12), but not significantly so (t 14 ¼ 0.81, P ¼ 0.43). In total, 4 least chipmunks recovered all of the damp caches, whereas only 3 eastern chipmunks did.
Surface-cache procedure.-When presented with 16 surface caches containing either unhulled or hulled sunflower seeds, both least and eastern chipmunks showed higher selection indices for the unhulled cache types (index values: N. minimus [0.69] and T. striatus [0.82]). In each case, the selection model identified in RSWHAC provided a significantly better fit to the data than did the chance-based nonselection model (N. minimus: D 1 ¼ 14.66, P ¼ 0.0001; T. striatus: D 1 ¼ 46.57, P ¼ 0.00001). This result parallels those found in the other procedures, indicating that under conditions of equal availability, both species predominantly select unhulled sunflower seeds as compared with the experimentally hulled seed type (Fig. 2) . In fact, only 4 of the 16 animals chose the experimentally hulled seed type on their first visit (P ¼ 0.0278).
DISCUSSION
Numerous species engage in both long-term and short-term hoarding behavior (Vander Wall 1990) . By hoarding, foragers can decrease the variability of food intake across periods of resource scarcity or declines in foraging success (e.g., Smith and Reichman 1984; Dearing 1997) . For hoarding to be an effective strategy, hoarders should recover more of their cached items than do pilferers (Andersson and Krebs 1978) , so it is advantageous to use certain tactics that can reduce losses by limiting pilferer detection and/or selection. Least chipmunks have already been shown to use spatial placement tactics (Penner and Devenport 2011) . Seed-hulling and bolus-making are now additional and unique robbery-prevention behaviors. As seen in both the dry and damp conditions, least chipmunks can diminish cache loss by hulling their seeds or by hulling and creating a bolus before burial. Such behaviors appear to help prevent detection and/or selection by both intraspecific and interspecific robbers. By reducing theft from pilferers, least chipmunks would likely increase their own personal cache recovery and net energy intake. It has been shown that least chipmunks can easily relocate available resources on the basis of spatial memory (Devenport and Devenport 1994; Devenport et al. 1998; Penner and Devenport 2011) and thus would maintain an advantage over pilferers.
Despite the apparent adaptive benefit, the mechanism behind the reduction in pilferage by hulling and making boli remains unclear. Vander Wall suggested that the strength of an olfactory signal of a seed is likely linked to the surface area of the seed itself and that the main olfactory cue of a seed may be contained within the seed hull (Vander Wall 2003) . When least chipmunks remove the hull, it is possible that they are also reducing the detectability of that seed when cached, as pilferers rely heavily on olfactory detection (Vander Wall 2003) . Seed survival should have been further enhanced by the clumped nature of a bolus, as this reduces cache surface area. Three of the bolus studies directly supported this notion. However, the difference between hulled and bolus caches pales in comparison with the difference between unhulled seeds and the other types. Our data in the dry substrate show this pattern: hulled and bolus caches were simply taken last, if at all. Had we not replaced the underperforming and/or poorly motivated animals, our results may have been even stronger. Ten of the 12 dropped cache selections in dry sand were unhulled seeds. The pattern of cache selection remained mostly the same in damp sand. However, the selection indices for the unhulled types were somewhat reduced.
Despite the argument for an olfactory effect, other mechanisms may play important roles. When seeds were placed on the surface of the sand, animals consistently chose the unhulled seeds over hulled seeds. Additional data collected in our lab indicated that this was not the result of any visual disparity between the seed types when placed on the sand surface (Jenkins 2008) . The selection of conspicuous unhulled seeds over conspicuous hulled seeds may at least partly argue for the role of a preference as well as easier olfactory detection. It remains possible that chipmunks may have detected both hulled and bolus seeds at rates equal to that of the unhulled seeds, but preferred to dig at and take from the unhulled seed caches. However, we did not observe any such systematic pattern of behavior in the present experiments. Additionally, we have yet to see any strong evidence indicating a palatability decline due to the extra processing involved in the creation of hulled seeds. In fact in pilot data, when presented with 4 caches, 2 containing traditionally hulled seeds and 2 containing water-soaked and dried unhulled seeds, 9 of 12 least chipmunks still chose the unhulled seed types first.
Furthermore, the possibility of an overall preference for unhulled seeds would be puzzling. To consume any seed, the hull must first be removed. A preference for unhulled seeds entails increased handling time. Thus, given the tenets of optimal foraging theory, chipmunks should prefer hulled seeds when available, if they are attempting to maximize the rate of net energy intake (MacArthur and Pianka 1966) . In fact, Kaufman and Collier (1981) reported a preference for hulled seeds by rats under laboratory conditions. Additionally, the number of transportable seeds should decrease as the volume of the each seed increases. By choosing them, foragers are effectively choosing less than they could maximally carry. However, it is possible that given the laboratory nature of the study and size of the box, animals were not concerned with issues of long-distance transport.
According to Penner and Devenport (2011) , least chipmunks preferentially seek out competitor caches before depleting their own. With the preparation involved in creating hulled or bolus seeds, robbery of those seed types should translate to the pilfering of a competitor cache. It continues to remain unclear as to why the animals in the present study would then prefer the unhulled seed types. Unfortunately, given the design of this study, a complete understanding of the mechanism behind the reduction in pilferage is unattainable.
Despite these remaining questions, the present experiments show that precache preparation does reduce intraspecific and congeneric pilferage. Conducted in a naturalistic laboratory setting, these studies should be complemented by field assessments. Although we have observed these behaviors in the field, it is critical to determine if the antipilfering effects also carry over. Whereas it stands as a reasonable hypothesis that least chipmunks better compete with robbers by decreasing seed detectability, desirability, or both, future studies should attempt to assess the relative contributions of these mechanisms. It is likely that the behavior succeeds for several reasons. The ease of owner transport, the suppression of olfactory signals, and the exploitation of pilferer preferences are not mutually exclusive predictions. They are all potential contributors to the shaping of the precache seed-preparation behaviors seen in least chipmunks.
